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STUDIES IN THE ELECTRODEPOSITION OF METALS 


INTRODUCTION 


1. Introductory.—The widespread use of chromium plated materi- 
als has demonstrated the value of research in the electrodeposition of 
uncommon metals. In this case the result was a plate which is ex- 
tremely tough and resistant to many types of corrosion. It is ex- 
tremely probable that other metals which have not been electroplated 
will have properties just as interesting. With the increase in the in- 
dustrial manufacture of the more uncommon metals it appeared that 
a study of the possibilities of their electrodeposition might lead to 
valuable results. It was with this idea in mind that the present work 
was undertaken. 


2. Scope of Investigation.—On account of the industrial interest 
in them it was decided to study aluminum, beryllium, boron, chromi- 
um, tungsten, titanium, vanadium, and cerium. As has been pointed 
out, chromium has been plated before from aqueous solution. It was 
hoped, however, to plate this substance by a different method. 

A preliminary paper on the electroplating of aluminum has been 
published without details. It seemed proper that these details to- 
gether with the preliminary work should be given in this bulletin. 


3. Acknowledgments.—The material for this bulletin was taken 
from the master’s thesis of C. C. G. Gerhold and the bachelor’s theses 
of W. Klabunde, 8S. T. Schicktanz, M. Kreimeier, and J. H. Devine. 

The authors would like to express their appreciation to the firm 
of NoBLE AND Harris, and the ALUMINUM CoMPANY OF AMERICA for 
furnishing the pure aluminum sticks used in this work, and to the 
TriTANIA CorpPoRATION OF CALIFORNIA for supplying pure titanium 
cyanonitride. The authors would also like to express their thanks to 
Pror. T. E. Purrrs for his valuable suggestions on the plating of 
aluminum. 

This study has been carried on as a part of the work of the Engi- 
neering Experiment Station of the University of Illinois, and has been 
under the general administrational direction of Dean M. 8S. Ketcuum, 
director of the Engineering Experiment Station, and of Pror. D. B. 
Keyes, head of the Division of Industrial Chemistry. 


5 


6 ILLINOIS ENGINEERING EXPERIMENT STATION 


Il. Srupies IN’ THE ELECTRODEPOSITION OF METALS 


4. History. of the Electrodeposition of the More Uncommon 


Metals. — Aluminum 


Several attempts have been made to electroplate aluminum from 
aqueous solutions, but in no case has this been done successfully. In 
many cases deposits were found, but when tested for aluminum the 
results were always negative.* 

Aluminum was electrodeposited at low temperatures for the first 
time by W. A. Plotnikow in 1902 from a bath of ethyl bromide and 
aluminum bromide. This work was checked by H. E. Patten in 1904. 

He electrolyzed a 40.95 per cent solution of aluminum bromide in 
~ ethyl bromide at 20 deg. C. between platinum electrodes at a current 
density of 0.058 amp. per. sq. em. and a voltage of 9.7. The aluminum 
was found on the cathode in trees. Low concentrations of aluminum 
bromide prevented the deposition of aluminum. The deposited alumi- 
num reacted vigorously with the electrolyte. 

Finally the authors with W. Klabunde and 8. T. Schicktanz de- 
posited aluminum from a fused solution of tetraethyl ammonium bro- | 
mide and aluminum bromide at a temperature of 100 deg. C. and a 
current density of 0.068 amp. per sq. cm. The potential required was 
22.6 volts. An aluminum anode and a copper cathode were used. This 
deposit was also in tree form. The anode current efficiency was ap- 
proximately 100 per cent. 

The authors also electroplated aluminum from a solution of Alumi- 
num Grignards in ether. The aluminum was deposited in a smooth 
layer on one side of the copper cathode used. Rodebush and Peterson, 
and Gaddum and Frencht had electrodeposited magnesium from the 
same electrolyte. It was found out later that Nelson and Evans at 
Columbia University had electrodeposited magnesium some time ago 
but had never published the work. 


Beryllium, Boron, Cerium, Titanium 
No papers on the electrodeposition of these metals were found in 


the literature. 
Vanadium 


Only one paper was found on the electrodeposition of vanadium. 
Cowper-Coles§ reported that he was able to electroplate vanadium 
from a vanadate solution prepared by dissolving vanadic anhydride 


*A complete bibliography of the Electrodeposition of Aluminum will be found in Mellor’ 
“Treatise on Inorganic and Theoretical Chemi if Gree 
SE ee. 5: stry,”’ Vol. 5, pp. 171 and 172, Longmans, Green 

tJour. Amer. Chem. Soe. 51, 638, 1929. 

tJour. Amer. Chem. Soc. 49, 1295, 1927. 

§Chem. News 79, 147. 
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in sodium hydroxide, and then adding enough hydrochloric acid to 
neutralize the excess sodium hydroxide. 


Chromium 
The literature on chromium plating from aqueous solution is very 
voluminous, but will not be discussed, because the methods used in 
the experiments described in this bulletin were non-aqueous, as will 
be shown later. No work has been done on the plating of chromium 
from non-aqueous solutions. 


Tungsten 

In 1913 A. Fischer* reported that he obtained a small amount of 
tungsten when he electrolyzed tungsten hexachloride in glycerine and 
also in absolute alcohol. He found, however, that the tungsten hexa- 
chloride reacted with the solvent and was decomposed. 

Mann and Halvorsenf in 1924 attempted to plate tungsten from 
solutions of tungsten chloride in absolute alcohol and pyridine but 
found no tungsten deposited. 

They were able to electrodeposit tungsten from a solution of fused 
lithium chloride with a tungsten anode, but only at high temperatures. 

In the same year Neumann and Richtert attempted to plate tung- 
sten from aqueous and non-aqueous solutions. In aqueous solutions 
they used the double pentavalent oxalate but obtained no tungsten. 
A solution of the potassium double cyanide also showed no results. 
They repeated Fischer’s work with tungsten hexachloride and glycer- 
ine and obtained a powder on the cathode which gave a positive test 
for tungsten. No adherent plate was obtained. 


5. Theory of Electroplating Uncommon Metals——The commercial 
methods now employed for the electroplating of metals make use of 
an aqueous solution of salts as the electrolyte. 

Water, however, may not be used as a solvent in the electro- 
deposition of many metals for several reasons. Aluminum and mag- 
nesium, for example, have never been electrodeposited from an aque- 
ous solution because the positively charged hydrogen ion of the water 
will come out as gaseous hydrogen before the potential is sufficient 
to produce the metal from the metal ion, or the metal at the instant 
of formation (probably in an atomic condition) reacts promptly with 
the water, liberating molecular or gaseous hydrogen, and transforming 
the metal back to a positive metal ion. In other words, strongly elec- 

*Zeit. anorg. Chem. 81, 170, 1913. 


+Trans. Am. Electrochem. Soc. 45, 993, 1924. 
tZeit. Elektrochem. 30, 474, 1923. 
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tro-positive metals cannot be electrodeposited from an aqueous s0- 
lution of their salts, at least at low current densities and with high 
efficiency. If, therefore, an electrolyte that had no easily replaceable 
hydrogen ions were used the liberation of these highly electropositive 
metals might be expected. 

Such an electrolyte should first of all be a conducting liquid at 
room temperature, or a little above. This debars the common fused 
salt mixtures which have formed excellent electrolytes for certain 
purposes, as, for example, the fused mixture of fluorides used in the 
electrolytic reduction of aluminum oxide to produce metallic alumi- 
num. The temperature used in this case, around 1000 deg. F., is far 
too high for the making of a satisfactory electroplate. This practically 
limits the consideration to organic liquids. The electrolyte may, how- 
ever, be one of at least three different types—a metal salt dissolved 
in an organic liquid, an organic metal complex in the liquid form, 
or an organic metal complex dissolved in an organic liquid. It should 
be remembered that most organic liquids are non-polar in nature and 
therefore nonconducting. The few types that are polar and conduct- 
ing are usually the lower alcohols, aldehydes, and some unsaturated 


compounds. Fortunately, however, the introduction of a metal group © 


to form a metal organic complex may increase the conductivity or 
polar character to a marked extent. This is especially true if nitrogen 
is one of the elements of the complex; this condition is brought about by 
the peculiar nature of the nitrogen atom. 

The problem then becomes largely one of synthesizing various 
metal organic complexes in a very pure condition. From structural 
considerations these should be good conductors of electricity, and at 
the same time be in a liquid condition at room temperature or a little 
above. 

Besides the highly electro-positive metals there are others that 
have never been electrodeposited at room temperatures. Such elec- 
trolytes as described in the foregoing paragraphs should be of use in 
this problem. 

Some metals, as, for example, chromium, are now being plated 
out from an aqueous solution of their salts but only from a high va- 
lence condition. It is necessary to have chromium ions with a valence 
of six instead of three in order to obtain a satisfactory plate, which 
means that twice the amount of power must be used to produce a 
certain thickness of plate as would be necessary if this condition were 
not required. It is reasonable to believe that a radical change in the 
electrolyte might remedy this condition. 
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Then, too, the “throwing power” of water electrolytes is often 
poor. By “throwing power” is meant the ability of the current to 
deposit metal from the electrolyte into crevices in the article being 
plated. It is possible a change in electrolyte would change this con- 
dition. 

It was, therefore, hoped to electroplate metals either from solutions 
of their salts in organic solvents, or from liquid complex compounds 
which had been successfully used in electroplating aluminum. 


6. Experimental Work on Electroplating.— 
Aluminum 
Experiment 1 
Aluminum formate, made from aluminum chloride and _ glacial 
formic acid, was dissolved in glacial formic acid and electrolyzed with 
no result. 
Experiment 2 
Aluminum acetate was put into solution in the following solvents: 
benzyl alcohol, acetanhydride, furfural, methyl alcohol, acetone, iso- 
butyl alcohol, amyl alcohol, and nitrobenzene. When electrolysis was 
attempted, none of these solutions passed any current even at 110 
volts. 
Aluminum sulphate behaved in the same way. 


Experiment 3 

Diethyl sulphate, on account of its high dielectric constant, was 
next tried as a solvent, but none of the common salts of aluminum were 
soluble in this medium. 

Experiment 4 

Aqueous solutions and high dielectric constant organic solutions 
were then given up and organic complexes tried. 

Aluminum malonic ester made from malonic ester and aluminum 
powder, using carbon disulphide as a diluent, was electrolyzed at 
110 volts and found to pass 0.2 amp. Evolution of gas at both elec- 
trodes was noticed but no aluminum was deposited on the cathode. 


Experiment 5 

Aluminum Grignards were now tried for the first time, and the 
preparation of the benzyl aluminum chlorides was attempted. The 
preparation was carried out in the same way that the compounds 
from ethyl iodide with aluminum were made, except that it was 
necessary to heat the reactants to 85 deg. C. before the reaction 
started. Nothing but a tar resulted, with much hydrochloric acid 
given off, so the use of benzyl chloride was discontinued. 
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Experiment 6 

N-butyl chloride was tried with aluminum in the same way, but 
again a dark oily mass was formed which passed no current in dry 
ether. 

Experiment 7 

It was decided then that chlorides could not be used so the ethyl 
aluminum iodides were prepared according to the procedure of Grig- 
nard and Jenkins.* It was found that no current would pass when 
‘the pure compounds were used without ether. 

When a small amount of dry ether was added the solution passed 
a current of 0.2 amp. at 40 volts. After running for one hour the 
current was shut off and the electrodes removed from the bath. They 
were then washed with alcohol and the cathode rubbed with a cloth. 
A silver white deposit was found on the cathode which dissolved in 
hydrochloric acid. The hydrochloric acid solution when treated with 
an excess of ammonia deposited a white flocculent precipitate show- 
ing the presence of aluminum. 

This electrolysis was carried out in a large teat tube fitted with a 
rubber stopper. The aluminum anode and copper cathode were sealed 
into the stopper by DeKhotinsky cement. The stopper also had a. 
hole for a calcium chloride tube. The current density was 0.02 amp. 
per sq. cm. The temperature was maintained at 20 deg. C. by an ice 
bath. 

Experiment 8 

On account of the fact that aluminum is deposited from a fused 
cryolite bath, Na,AIF,, it was hoped that an ion could be substituted 
for sodium so that the complex would melt at a much lower tempera- 
ture. It was suggested that a substituted ammonium ion would give 
the desired result so ethyl ammonium chloride was tried with alumi- 
num chloride. It was found that the solution melted at about 150 
deg. C. and conducted a current. Gases were evolved at both elec- 
trodes. No aluminum was found on the cathode. 


Experiment 9 

Realizing that the conductivity might be due to the hydrochloric 
acid it was decided to work with a quaternary ammonium salt which 
had no replaceable hydrogens. Tetramethyl ammonium chloride was 
used. This was prepared from trimethyl amine in absolute alcohol 
by saturating with methyl chloride over a period of two days. The 
salt precipitated out. The tetramethyl ammonium chloride was 
heated with aluminum chloride in the hope of forming the complex 


*Bull, Chim, 127, 845, 1924. 
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(CH,),NAIC], but it was found that the tetramethyl ammonium 
chloride decomposed to trimethyl amine. Tetraethyl ammonium chlor- 
ide was tried with the same result, as were tetrapropyl and tetrabuty] 
ammonium chlorides. : 

(Tetraethyl ammonium chloride was prepared as follows: Triethyl 
amine was refluxed with ethyl iodide in absolute alcohol and the 
quaternary iodide treated with an excess of silver hydroxide to form 
tetraethyl ammonium hydroxide. This base was then neutralized with 
hydrochloric acid and the solution evaporated to dryness. The method 
is unsatisfactory because of the deliquescence of the salt. It is not 
possible to remove all the water. A similar procedure was used for 
the propyl and butyl compounds.) 


Experiment 10 

Tetraethyl ammonium fluoride was next tried in the hope of find- 
ing a stable complex. This was made from tetraethyl ammonium 
iodide and silver fluoride. The silver fluoride was prepared from 
freshly precipitated silver carbonate and hydrofluoric acid. 

When the quaternary fluoride was heated with aluminum fluoride, 
it again decomposed to triethyl amine in the same way as the 
chloride. 

Experiment 11 

Finally, on account of the ease of preparation of tetraethyl am- 
monium bromide, and the low melting point of aluminum bromide, 
90 deg. C., which would favor the formation of a low melting complex, 
it was decided to try these compounds. Also, it- was thought that 
the aluminum bromide would be less active in decomposing the com- 
plex. 

They were mixed in mol to mol proportions and electrolyzed at 
100 deg. C., using a current of 0.41 amperes, giving a cathode current 
density of 0.068 amp. per sq. cm., at a potential of 22.6 volts. The 
distance between the electrodes was 1 em. An aluminum anode and 
a copper cathode were used. The electrolysis was carried on for 30 
minutes. At the end of that time the anode and cathode were washed 
with water. The anode showed a loss in weight of 0.0684 g. which is 
equivalent to an anode efficiency of practically 100 per cent. The 
cathode had a mass of grey crystals adhering to it. These were tested 
by solution in hydrochloric acid and precipitation with ammonia and 
were found to be aluminum. 

On account of the successful plating of aluminum recorded for 
Experiments 7 and 11 it was decided to try the two methods used in 
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these successful cases in an attempt to plate other metals. The first 
one of these tried was beryllium. 


Beryllium 
On account of the fact that no beryllium halides were available 
the preparation of a halide from pure beryllium was attempted. The 
method of Lebeau* was-used to prepare beryllium, but the work had 
to be discontinued because of the very poor yields obtained and the 
time consumed. Boron was then tried. 


Boron 

On account of the favorable boiling point of boron tribromide it 
was hoped to make a complex with boron tribromide and tetraethyl 
ammonium bromide. 

For this purpose boron tribromide was prepared from dry amorph- 
ous boron by dropping bromine slowly on it in a quartz tube heated 
to redness. A slight vacuum was maintained by a water pump. The 
liquid was caught in a large U-tube in an ice bath. The excess bro- 
mine was removed with mercury, and the pure boron tribromide was 
distilled from the mercury bromide. During the shaking with mercury 
care must be taken to keep the flask cold on account of the enormous — 
amount of heat evolved. (Otherwise the boron tribromide would 
vaporize and an explosion would result.) 

The boron tribromide was placed in a test tube closed by a rubber 
stopper having a cathode of copper and an anode of graphite with a 
hole containing a calcium chloride tube. Tetraethyl ammonium bro- 
mide was added and immediately a white solid formed which would 
not melt at 200 deg. C. No current was passed until the tetraethyl 
ammonium bromide began to decompose thermally; no boron was 
plated. 

Titanium 

An attempt was made to electroplate titanium from titanium 
tetrabromide and tetraethyl ammonium bromide. The bromide was 
chosen here again on account of the fact that the chloride is known 
to behave in the same way as aluminum chloride and would probably 
decompose the tetra-alkyl ammonium salt. 


Titanium tetrabromide was prepared from titanium cyano- 
aR .=N : ‘ Bae 
nitride, Ti _ CN by dropping bromine on it in a quartz tube at 800 


deg. C. The bromine and titanium tetrabromide were caught in a 
flask immersed in ice. Just as in the preparation of boron tribromide 


*Ann. Chim. Phys. 16, 495, 1899. 
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a slight suction was applied by a water pump. The product was 
purified by repeated distillations at 30 mm. pressure. 


Experiment 1 
The first electrolysis was tried with titanium tetrabromide which 
had been distilled only twice. This was mixed with tetraethyl am- 
monium bromide, and on heating to 40 deg. C. the two combined, 
forming a mixture melting at 95 deg. C. The electrolysis was tried 
with a graphite anode and copper cathode but very little current 
passed. No plate was obtained. 


Experiment 2 

On account of the fact that some bromine remained with the 
titanium tetrabromide it was redistilled five times, and a product was 
obtained which consisted of light yellow crystals. These were heated 
with tetraethyl ammonium bromide in the same way. In this case no 
current would pass except at the decomposition point of the tetraethyl 
ammonium bromide and, consequently, no coat of titanium was found 
on the cathode. Experiments were, therefore, discontinued. 


Cerium 

In the case of cerium it was hoped to obtain a plate from cerous 
chloride and tetraethyl ammonium bromide. Cerous chloride might 
be satisfactory because its behavior is not like that of aluminum 
chloride. 

The chloride was prepared from the oxalate as a starting material, 
which had been prepared from rare earth compounds. 

The oxalate was dissolved in concentrated nitric acid and cerous 
hydroxide precipitated with ammonium hydroxide solution. This was 
washed thoroughly and then dissolved in concentrated hydrochloric 
acid. The solution was evaporated to dryness and the residue heated 
to dull redness in a combustion tube with dry HCl gas. In this way 
all the ammonium salts were driven off. The product was quickly 
bottled. 

Because the cerous chloride and the tetraethyl ammonium bro- 
mide would not form a complex, showing no signs of fusing even at 
200 deg. C., the electrolysis was unsuccessful. 


Vanadium 
Anhydrous vanadium trichloride was found to conduct no cur- 
rent when heated with tetraethyl ammonium bromide. It behaved 
like cerium chloride. 
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Chromium 

It was the purpose of these experiments on chromium plating to 
devise a method by which chromium might be plated continuously 
in a trivalent state. For this purpose the trivalent halides of chromium 
were chosen. 

Since these compounds were not available commercially, it was 
necessary to prepare them. 

Chromic chloride, CrCl,, was prepared by heating powdered elec- 
trolytic chromium to dull redness in a stream of dry chlorine. The 
product was a sublimate of scaly, peach-colored crystals found in the 
cold end of the tube. The color and physical properties corresponded 
with those given in the literature. 

Chromic iodide, CrI,, was prepared in an analogous manner and 
was found to consist of dark reddish brown crystals. 

It was necessary to use electrolytic chromium on account of the 
fact that all the samples of commercial chromium were found to 
contain iron as an impurity, which would contaminate the product. 

The electrolytic chromium was prepared by depositing chromium 
from a bath of 250 g. of chromic acid with 3.3 g. of chromium sulphate 
in one liter of water on thin copper wires. The electrodes were crushed. 
and powdered and the copper dissolved by dilute nitric acid. Some 
of the electrodes were kept intact to be used as anodes. 


Experiment 1 
It was decided first to repeat Bunsen’s experiment of plating 
chromium from an aqueous solution of chromic chloride. Several runs 
were made varying the cathode current density from 0.025 to 0.00972 
amp. per cm., but no chromium plated out. A chromium anode and | 
a copper cathode were used. 


Experiment 2 

It was then decided to try the effect of using organic solvents 
instead of water. The anhydrous chromic chloride was found to dis- 
solve in the following solvents: Formamide, anisaldehyde, and methyl 
ethyl ketone. These three solutions were found to be non-conduct- 
ing even at 110 volts. When the formamide solution was subjected 
to electrolysis, it was found to conduct current very readily. No plate 
of chromium was found on the cathode, but a heavy green oil was 
formed instead which was not examined further. The problem was 
then attacked from the standpoint of chromium halide complexes with 
tetraethyl ammonium bromide. 
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Experiment 3 
Great care was taken to have dry tetraethyl ammonium bro- 
mide and dry chromic chloride and iodide. The tetraethyl ammonium 
bromide was always recrystallized from absolute alcohol and ethyl 
acetate. 

In no case did the complexes conduct current until the decompo- 
sition point of the tetraethyl ammonium bromide was reached. Con- 
sequently, no chromium plated out. A chromium anode and copper 
cathode were used in these experiments, as in the others. 


Experiment 4 
It was thought that chromium might plate out from a fused so- 
lution of a chromic halide in a sodium salt of an organic acid. Sodium 
benzoate was tried but with no result. 


Tungsten 

It was desired to repeat the work of Neumann and Richter on 
tungsten hexachloride in organic solvents, and it was first necessary 
to prepare tungsten hexachloride. This was attempted by reducing 
a commercial tungsten powder at 1200 deg. C. in a stream of hydro- 
gen, and then passing in chlorine. In every case the orange tungsten 
oxychloride, WOCI,, resulted, but no blue WCl,. It was found that 
the commercial tungsten was made up of 50 per cent oxides which 
dissolved out with sodium hydroxide. These were not reduced by the 
hydrogen. This part of the problem was then discontinued due to the 
difficulty of obtaining pure tungsten hexachloride. 

It was thought possible to prepare a complex of tungsten hexa- 
chloride with tetraethyl ammonium chloride by another method simi- 
lar to that used in the preparation of potassium chlortungstate, de- 
scribed by Olson. His work was repeated first to determine the yield 
of potassium chlortungstate. The method was as follows: 

Potassium tungstate was dissolved in concentrated hydrochloric 
acid. The mixture was reduced by metallic tin to a deep green colored 
solution and the salt precipitated out by gaseous hydrochloric acid. 
The yield was very small. Various methods were used to increase it, 
but in no case was this found possible. The hope of obtaining a simi- 
lar salt with the tetraethyl ammonium ion was, therefore, abandoned. 

It was found that tungsten pentabromide is rather easily prepared 
from tungsten and bromine. This salt was prepared from the com- 
mercial tungsten, purified by sodium hydroxide, by passing bromine 
vapor over it in a furnace at dull red heat. The pentabromide when 
mixed with tetraethyl ammonium bromide behaved in the same way 
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as the other metals, except aluminum, in that no current passed until 
the decomposition point of the tetraethyl ammonium bromide was 
reached. No tungsten plate was obtained. 


Ill. Resutts AND CONCLUSIONS 


7. Results and Conclusions —Since the continuous electrodeposition 
of the metals mentioned in this bulletin from aqueous solution or 
solvents of high dielectric constant failed in every case, it is believed 
that the successful deposition of amphoteric metals must take place 
from highly ionized complex compounds. 

In the cases where plating from aqueous solution was attempted 
it was found that the solutions would conduct current, and therefore 
the metals appeared to behave like the strongly electropositive metals. 
In the non-aqueous solutions the salts were not ionized and no current 
would pass. The only exception was chromic chloride in formamide 
which has a higher dielectric constant than water. In this case the 
reasons for obtaining no chromium plate might be either the behavior 
of chromium as a strongly electropositive metal, or the formation of 
an organic chromium compound with the solvent. 

Aluminum was found to be the only metal which could be elec- 
trodeposited from the complex formed with tetraethyl ammonium bro- 
mide and its halide. It was found necessary to use the bromide for 
successful deposition of aluminum as aluminum chloride or fluoride 
caused the decomposition of the quaternary complex. 

The failure of the other metals to plate under these conditions may 
be due to several causes. In the case of boron it is very probable 
that the tetraethyl ammonium bromide was still wet even after re- 
crystallization, and that boric acid formed as soon as the boron tri- 
bromide was mixed with it, as the boron halides are extremely easily 
hydrolyzed. It does not seem probable that a high melting complex 
would result from the addition of such a low melting compound as 
boron tribromide, which is a liquid, to tetraethyl ammonium bromide 
when aluminum bromide, M.P. 90 deg. C., forms a complex melting 
at room temperature. 

In the case of titanium it would appear that the complex did not 
form readily, otherwise conductivity would be expected. 

Cerium, vanadium, chromium and tungsten halides form com- 
plexes only above the decomposition point of tetraethyl ammonium 
bromide on account of their high melting points. 
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It is doubtful whether another halide would be more stable than 
tetraethyl ammonium bromide, as all these substances decompose at 
fairly low temperatures. 

The most probable method for plating these metals appears to be 
from an organometallic compound in ether, and it is the intention to 
continue the investigation along this line. 


APPENDIX 


MerTuHop oF ELECTROPLATING SMALL OBJECTS witH ALUMINUM 

Small objects may be electroplated with aluminum by the use 
of aluminum Grignard compounds in an ether solution. The com- 
plete procedure for making these compounds and carrying out the 
electrolysis is as follows: 

To 7 g. of aluminum powder in a large test tube are added 12 g. 
of redistilled ethyl iodide. A two hole rubber stopper is fitted into 
the tube, one hole for a reflux condenser, and the other for a glass tube 
for the purpose of passing dry nitrogen into the reaction chamber. 

At the top of the reflux condenser is fitted a two hole rubber stop- 
per, one hole for a separatory funnel containing 38 g. of ethyl iodide 
and the other hole as an outlet for gases. 

Dry nitrogen is allowed to flow through the tube containing the 
aluminum and ethyl! iodide for about fifteen minutes until all the air 
is displaced. An oil bath is put under the test tube, which is heated 
to about 100 deg. C. until the reaction starts. When the reaction 
between the ethy! iodide and aluminum begins the oil bath is removed, 
and ethyl iodide is allowed to drop in from the separatory funnel until 
there is no more action. The oil bath is then put under the tube and it 
is heated for an hour at 125 deg. C. The mixture, containing diethyl 
aluminum iodide and ethyl] aluminum di-iodide, with some free alumi- 
num, is then cooled in an ice bath, and about 50 cc. of absolute ether 
added through the reflux condenser, a little at a time, on account of 
the large amount of heat liberated during the formation of the Grig- 
* nard etherates. After all the ether has been added, and a homogene- 
ous solution has been obtained, the mixture is ready for electrolysis. 

A rubber stopper which fits the reaction test tube is fitted with an 
aluminum anode (stick) and a copper cathode, and a hole for libera- 
tion of nitrogen. As the throwing power of the solution is not very 
good, it is advisable to have the anode the same shape as the cathode. 
Only one side of an object may be plated at one time. 
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The cathode should extend beneath the surface of the liquid 
so that a current density of 0.02 amp. per sq. cm. may be attained. 
Dry nitrogen is passed through the vessel during the entire electrolysis. 

At the beginning of the electrolysis a large amount of gas will 
be given off, but as it proceeds this will die down. The solution will 
be dark in color and at this point the plating is most efficient. The 
electrolysis will take about three hours. 

At the end the electrodes are quickly removed and the test tube 
stoppered. The cathode is washed with alcohol and rubbed clean with 
a cloth. 
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